ABSTRACT MARCH5, an OMM-associated E3 ubiquitin ligase, controls mitochondrial function. Despite its importance, the mechanism and factors controlling MARCH5 activity are largely unknown. Here we report that the MARCH5 C-terminal domain plays a critical role in degradation of MARCH5 substrates, likely by facilitating release of ubiquitinated proteins from the OMM. We also found that the mitochondrial fission proteins Drp1 and Mff negatively regulate MARCH5's activity toward MiD49 and /MARCH5 −/− cells. Our data show that it is not mitochondrial morphology per se but rather Mff and Drp1 that directly control MARCH5. Consistently, we find that Mff is an integral component of the MARCH5/p97/Npl4 complex, which is also controlled by MARCH5's C-terminal domain. Furthermore, not only mitochondrial fission but also fusion is regulated through Mff and Drp1 protein activities. Thus, in addition to their canonical roles in mitochondrial fission, Mff and Drp1 also act as regulatory factors that control mitochondrial fission and fusion.
INTRODUCTION
Mitochondria are not only central for providing energy to a cell through oxidative phosphorylation, but they also control apoptosis, ion buffering, autophagy, innate immunity, and other processes required for development and maintenance of organ systems (Youle and van der Bliek, 2012; Friedman and Nunnari, 2014; Mishra and Chan, 2016; Wai and Langer, 2016) . Accumulating evidence indicates that numerous diseases, including neurodegenerative disorders and cardiovascular disease, as well as effects of aging, are either caused by or associated with dysfunctional mitochondria (Youle and van der Bliek, 2012; Friedman and Nunnari, 2014; Guedes-Dias et al., 2016; Mishra and Chan, 2016; Wai and Langer, 2016) . To prevent mitochondrial decline, cells use multiple quality control mechanisms, ranging from scavenging of toxic reactive oxygen species to proteolytic removal of damaged mitochondrial proteins and control of mitochondrial fusion and fission (mitochondrial membrane dynamics; Bezawork-Geleta et al., 2015; Bonomini et al., 2015; Chen et al., 2015; Cobb and Cole, 2015; Wai and Langer, 2016) .
It is well established that in most cell types, mitochondrial fission is counterbalanced by fusion, leading to formation of highly dynamic mitochondrial networks (Nunnari et al., 1997; Youle and van der Bliek, 2012; Wai and Langer, 2016) . Stringent regulation and coordination of fusion and/or fission rates is essential for various aspects of mitochondrial and cellular function, such as removal of damaged organelles (Narendra et al., 2008; Tanaka et al., 2010) , execution of the mitochondrial steps in apoptosis (Karbowski et al., 2002; Lee et al., 2004) , functional complementation within mitochondrial networks (Chen et al., 2010; Vidoni et al., 2013) , mitochondrial DNA distribution (Lewis et al., 2016) , and innate immunity (Youle and van der Bliek, 2012; Friedman and Nunnari, 2014; Labbe et al., 2014; Zemirli et al., 2014) . Numerous proteins and pathways are implicated in mitochondrial membrane dynamics, including Bcl2 family proteins (Bax, Bak, BclxL and Mcl1; Karbowski et al., 2006; Brooks et al., 2007; Berman et al., 2009; Cleland et al., 2011; Perciavalle et al., 2012) , mitochondrial phospholipase D (mito-PLD; Choi et al., 2006) , SUMO signaling-related MAPL and sentrin-specific proteases Zunino et al., 2009), ubiquitin (Ub) signaling (Escobar-Henriques et al., 2006; Escobar-Henriques and Langer, 2014; Nakamura and Hirose, 2008; Karbowski and Youle, 2011; Wai and Langer, 2016; Xu et al., 2016) , and actin polymerization and actin regulatory proteins (Korobova et al., 2013; Li et al., 2015) . However, four large GTPases, members of the dynamin superfamily-dynamin-related protein 1 (Drp1), optic atrophy 1 (Opa1), and mitofusins 1 and 2 (Mfn1 and Mfn2; Youle and van der Bliek, 2012; Friedman and Nunnari, 2014) -are central for fission and fusion processes. Whereas Opa1, Mfn1, and Mfn2 mediate mitochondrial fusion (Chen et al., 2003; Olichon et al., 2006) , Drp1 is essential for fission (Otsuga et al., 1998; Smirnova et al., 2001) . Drp1 localizes primarily to the cytosol, but upon activation of mitochondrial fission, Drp1 is recruited to the outer mitochondrial membrane (OMM), where it forms high-molecular weight protein complexes marking active or prospective fission sites (Otsuga et al., 1998; Bleazard et al., 1999; Labrousse et al., 1999; Smirnova et al., 2001) . In mammalian cells, mitochondrial recruitment of Drp1 is mediated by OMM-localized receptors, mitochondrial fission factor (Mff; Gandre-Babbe and van der Bliek, 2008; Otera et al., 2010; Loson et al., 2013) , mitochondrial division 49/51 (MiD49/51; Palmer et al., 2011; Loson et al., 2013) , and, less apparently, Fis1 (Lee et al., 2004; Otera et al., 2010; Loson et al., 2013) . The mechanisms by which distinct Drp1 receptors are controlled, their physiological roles, and functional specializations are not well understood. Furthermore, it is not clear how mitochondrial fission and fusion rates are coordinated.
Reports have suggested various targets and pathways regulated by the OMM-associated E3 Ub ligase MARCH5, including mitochondria-endoplasmic reticulum interaction (Sugiura et al., 2013) , removal of disease-causing misfolded proteins from the mitochondria (Yonashiro et al., 2009) , and control of innate immunity (Yoo et al., 2015) . However, the role of MARCH5 in mitochondrial fission and fusion appears to be the best established (Nakamura et al., 2006; Yonashiro et al., 2006; Karbowski et al., 2007; Park and Cho, 2012; Park et al., 2014; Kim et al., 2015) . Our recent work identified MARCH5 as a negative regulator of Drp1-dependent mitochondrial fission through Ub-and proteasome-dependent degradation of MiD49 (Xu et al., 2016) . Although several potential OMM-associated MARCH5 substrates have been reported, including mitochondrial dynamics proteins Drp1, Mfn1, Mfn2, and MiD49 (Nakamura et al., 2006; Yonashiro et al., 2006; Karbowski et al., 2007; Park et al., 2014; Kim et al., 2015; Xu et al., 2016) , the mechanism of MARCH5 action, its physiological role, and how it is regulated are still not clear.
Here we show that depletion of Drp1 and Mff in Drp1 −/− and Mff −/− HCT116 cells leads to down-regulation in the expression of OMM-localized proteins MiD49, Mcl1, Mfn1, and Mfn2, which are central for, or associated with, the control of mitochondrial fission and/or fusion. Drp1/Mff-dependent regulation of MiD49 and
Mcl1, but not of Mfn1 and Mfn2, requires MARCH5 activity. Knockouts of another mitochondrial fission factor, MiD49, or the inner mitochondrial membrane-localized mitochondrial fusion factor Opa1 (Opa1 −/− ) did not affect levels of analyzed proteins. Thus our data indicate that Drp1 and Mff control levels and stabilities of MiD49, Mcl1, Mfn1, and Mfn2 through an unforeseen regulatory mechanism.
RESULTS

MARCH5 mutagenesis and rescue of mitochondrial fragmentation in MARCH5
−/− cells
To further understand the Ub/proteasome system (UPS)-dependent control of mitochondria, we focused on the regulation of the OMMassociated E3 Ub ligase MARCH5. MARCH5 is a 278-amino acid protein with a cytosol-facing N-terminal RING finger domain (residues 6-75) followed by four transmembrane domains (TMs; residues 99-119, 139-159, 209-229, and 238-258 ) and a C-terminal extension (residues 259-278; Figure 1 , A and B). To identify MARCH5 domains and factors critical for its function in mitochondrial dynamics, we generated an array of MYC-tagged MARCH5 mutants ( Figure 1B ; for the complete list of analyzed mutants see Materials and Methods). We then analyzed their ability to rescue mitochondrial fragmentation in MARCH5-depleted (MARCH5 −/− cells, followed by immunostaining to detect Tom20, a mitochondrial marker, and dynamin-related protein 1 (Drp1), a mitochondrial fission factor (Figure 1 , D-H). As has been reported (Yonashiro et al., 2006; Xu et al., 2016) , MARCH5 knockout resulted in mitochondrial fragmentation ( Figure 1E ). Most of the analyzed MYC-MARCH5 mutants restored mitochondrial networks in MARCH5 −/− cells (unpublished data) to a similar degree as in wildtype MARCH5. Consistent with published data (Karbowski et al., 2007; Park et al., 2010) , abnormal elongation of mitochondria was also detected in MARCH5 −/− cells expressing a RING domain-inactivating mutant (H43W; MYC-MARCH5
H43W
; Figure 1 , G and I). However, truncation of the cytosol-exposed C-terminal domain (amino acid residues 259-278; MYC-MARCH5 Δtail ) also led to abnormal elongation of mitochondria (Figure 1, F and I) . Thus it is likely that in addition to the RING domain, the C-terminus of MARCH5 is also critical for the regulation of mitochondrial fission. No obvious effect on mitochondrial morphology was detected in MARCH5 −/− cells expressing only the C-terminal-truncated MARCH5 H43W (MYC-MARCH5 H43W/ Δtail ; Figure 1 , H and I), suggesting that the RING and C-terminal domains work together to control mitochondrial fission.
Because cells expressing MYC-MARCH5
Δtail (Figure 1 , F and J) and, to a lesser degree MYC-MARCH5 H43W/ Δtail (Figure 1 , H and J) showed a reduction in mitochondria-associated Drp1, it is likely that MARCH5's C-terminus, together with the RING domain, control Drp1-dependent mitochondrial fission. As we previously reported (Xu et al., 2016) , MARCH5 knockout or overexpression did not affect levels of mitochondria-associated Drp1 (Figure 1 , D, E, and J), supporting the possibility that the C-terminal domain of MARCH5 does not function as a receptor of Drp1.
We also determined the role of the cytosolic MARCH5 C-terminal domain in mitochondrial morphology and stress-induced mitochondrial fission. Given that Drp1-mediated mitochondrial fission can be induced by mitochondrial toxins, including the uncoupling agent carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; (Gandre-Babbe and van der Bliek, 2008; Li et al., 2015) , we tested the degree to which MYC-MARCH5 C-tail affects FCCP-induced mitochondrial fission. MYC-tagged C-terminal amino acid residues (261-278) of MARCH5 (MYC-MARCH5 C-tail ) were expressed in wild-type (Supplemental Text and Supplemental Figure S1 , A-C) and MARCH5 −/− (Supplemental Figure S1C ) cells. Cells treated with dimethyl sulfoxide (vehicle; Supplemental Figure S1 , A and C) or FCCP (Supplemental Figure S1 , B and C), were taken for immunofluorescence analysis and structured illumination imaging. Anticytochrome c antibody was used to detect mitochondria and anti-MYC antibody to detect MYC-MARCH5 C-tail . The data showed no apparent effect of MYC-MARCH5 C-tail expression on mitochondrial morphology in untreated wild-type (Supplemental Figure  S1 , A and C) and MARCH5 −/− (Supplemental Figure S1C ) cells. However, whereas FCCP induced mitochondrial fragmentation in nontransfected HCT116 cells, cells expressing MYC-MARCH5 C-tail displayed highly enlarged, swollen mitochondria (Supplemental Figure S1 , B and C), suggesting that MYC-MARCH5 C-tail disrupted mitochondrial fission.
BioID proximity screen identified Mff as a MARCH5-interacting protein
The foregoing data (Figure 1 ) suggest that MARCH5's C-terminal domain could be important for MARCH5 activity. To identify factors that control MARCH5 in a C-terminal domain-dependent manner, we applied BioID technology to screen for proximate (neighboring and interacting) proteins (Roux et al., 2012 (Roux et al., , 2013 . In this method, the protein of interest is fused with humanized BirA bacterial biotin protein ligase (BirA*), which is predicted to tag interacting and neighboring proteins with biotin. We generated wildtype MARCH5-and MARCH5
H43W
-BirA* fusion mammalian expression vectors. Because BirA* was fused to the C-terminus of MARCH5, it is likely that proteins interacting with or in proximity to this domain would be biotinylated preferentially. Biotinylation was determined by immunofluorescence ( Figure 2A ) and Western blot ( Figure 2B ). The data showed that MARCH5-BirA* FIGURE 1: RING and C-terminal cytosolic MARCH5 domains control mitochondrial network organization. (A, B) Schematic representation of MARCH5 domains and membrane topology. MARCH5 is a 278-amino acid protein with cytosol exposed: N-terminal RING finger domain (residues 6-75; orange), the loop between TM2 and TM3 (residues 160-208; gray), the C-terminal extension (residues 259-278; green), and four transmembrane domains (TMs; blue) ( Figure 2A ) and MARCH5
-BirA* (unpublished data) localized to the mitochondria. Furthermore, Alexa 488-streptavidin-detected biotinylation also showed a predominantly mitochondrial pattern (Figure 2A ; unpublished data). Biotinylated proteins were purified from control and MARCH5(HA)BirA*-and MARCH5
(HA)BirA*-expressing cells using streptavidin-agarose beads ( Figure 2B ), followed by mass spectrometry. To reduce the frequency of false positives, only proteins identified in both MARCH5(HA)BirA*-and (HA)BirA*-expressing cells but absent in (HA)BirA*-expressing cells (control) were considered relevant. These criteria were met by 32 proteins ( Figure 2C ). Supporting the notion that MARCH5 might be required for coordination of the mitochondrial and cytosolic components of the UPS and consistent with the possibility that MARCH5 could regulate various aspects of mitochondrial biology, 14 UPS-related proteins were identified ( Figure 2C ). Of importance, mitochondrial fission factors Drp1 and Mff were also detected ( Figure 2C ), supporting a role for MARCH5 in the control of mitochondrial fission. Of note, other OMM-associated proteins shown to interact with MARCH5, including Mfn1 and Mfn2 (Yonashiro et al., 2006; Park et al., 2014) , were not detected in this screen. However, the possibility that these reported interactions may occur through the N-terminal RING domain and thus be difficult to detect using our experimental design could not be excluded. Immunoprecipitation was used to test MARCH5 interactions with Mff and Drp1 in HCT116 cells. Wild-type, Drp1
, and Mff −/− HCT116 cells were transfected with MYC-MARCH5 and MYC-MARCH5 H43W , followed by MYC-tagged protein pull-down and Western blot analysis ( Figure 2D ; unpublished data ). Mff coimmunoprecipitated with MYC-MARCH5 and, to a higher degree, MYC-MARCH5 H43W ( Figure  2D ). However, although others have reported molecular interactions between MARCH5 and Drp1 (Nakamura et al., 2006; Yonashiro et al., 2006) , we did not detect Drp1 in the same samples.
To further examine MARCH5 interactions with Mff and Drp1, we applied the membrane-permeable chemical cross-linker dithiobis-(succinimidyl propionate) (DSP). The use of this chemical cross-linker allows the selective stabilization of labile interactions, thus bypassing biochemical limitations for purification and enabling enrichment of interacting proteins. This approach has been used to identify several transient/weak protein interactions, including between mitochondrial proteins (Davis et al., 2000; Shen et al., 2009) . In these experiments, we also analyzed the role of the MARCH5 N-terminal RING and C-terminal domains in the interactions with their potential regulators. Given that MARCH5 forms oligomers (Karbowski et al., 2007; Kim et al., 2016) and assuming that MARCH5 mutants could interact with endogenous MARCH5 and therefore make data interpretation difficult (e.g., due to detection of proteins interacting with endogenous MARCH5 potentially being pulled down with the MARCH5 mutant), we used MARCH5 Consistent with native immunoprecipitation experiments, Drp1 did not coprecipitate with any of the analyzed MARCH5 constructs (unpublished data). The lack of detectable Drp1:MARCH5 interaction could be the result of the specific experimental conditions applied in this study. Indeed, we also did not detect a direct interaction between Drp1 and its mitochondrial receptor, Mff (unpublished data). To provide confirmation for the specificity of the Mff:MARCH5 binding, we used highly sensitive antibodies targeting Tom20, an abundant OMM-associated protein, but did not find detectable Tom20 signal in any of the analyzed samples (unpublished data).
We previously showed that UPS-dependent degradation of MiD49 and Mcl1 require activity of AAA-ATPase p97 (Xu et al., 2011 (Xu et al., , 2016 . Taking advantage of MARCH5 complex stabilization by DSP cross-linking, we tested whether p97 interacts with MARCH5 and the degree to which MARCH5 mutants could affect this interaction. The data showed that whereas p97 interacted with all tested MARCH5 constructs, it was markedly enriched in samples obtained from MYC-MARCH5 Δtail -and MYC-MARCH5 H43W/Δtail -expressing cells ( Figure 3 , A-C). Confirming the specificity of this interaction Npl4, a p97 cofactor, was also found to interact with MARCH5 ( Figure 3 , A-C). The levels of Npl4 pulled down with each of the MARCH5 variants were similar to the levels of interacting p97 (Figure 3 , A-C).
The subcellular localization of p97/Npl4 complex is controlled by the local amount of ubiquitinated proteins (Ye et al., 2001) . Accordingly, we asked whether the enhanced p97/Npl4 complex:MARCH5 interaction is associated with increased ubiquitination levels of the MARCH5 protein complex. MYC pull-down samples obtained from MYC- 
Mff and Drp1 control protein expression of mitochondrial fission and fusion factors
Data showing the interaction of MARCH5 with Mff (Figures 2 and 3 ) and published reports indicating MARCH5 binding to Drp1 (Nakamura et al., 2006; Yonashiro et al., 2006) suggested that MARCH5 may regulate these proteins. However, consistent with other reports (Nakamura et al., 2006; Xu et al., 2016) , we found that protein levels and stabilities of Drp1 and Mff were not affected by MARCH5 depletion ( Figure 4A ; unpublished data). Thus one may conclude that MARCH5 does not control the proteasome-dependent degradation of Drp1 and Mff. On the other hand, although ubiquitination and turnover of MiD49 were reported to be regulated by MARCH5 (Xu et al., 2016) , the screen for proteins , and MiD49 −/− HCT116 cells was determined using qRT-PCR. Fold induction was calculated by the absolute quantification method. A standard curve was made for reference gene by serial dilutions of genomic DNA from 100 to 3.125 ng. Data represent mean ± SD; n = 3.
and MiD49
−/− (J) HCT116 cells were immunostained with anti-cytochrome c antibody to reveal mitochondria and imaged using structured illumination microscopy. Cells were divided into three categories based on mitochondrial morphology, as described in Figure 2I . Typical images of respective cells. (K) Mitochondrial morphologies in cell types shown in E-J were scored using blinded cell counting. Data represent mean ± SD of three independent counts of 150 cells/condition.
altered in MARCH5 −/− HCT116 cells also revealed a severalfold increase in the expression levels of Mcl1 (Xu et al., 2016;  Figure 3F ). Data shown in Supplemental Figure S2 A support a role for MARCH5 in control of Mcl1 turnover. Therefore, in subsequent studies, analyses of Mcl1 are also included.
To test the possibility that Mff and Drp1 may control MARCH5-dependent ubiquitination and turnover of other proteins, we analyzed the effect of Mff and Drp1 depletion on levels of reported MARCH5 substrates and other mitochondrial proteins (Figure 4) . Total cell lysates obtained from Drp1
, and wild-type HCT116 cells were analyzed by Western blot (Figure 4, A and B) . Efficient knockout of the respective proteins was confirmed by Western blot ( Figure 4A ) and PCR (unpublished data). The data show that in both Drp1
and Mff −/− cells, protein levels of MiD49, Mcl1, and mitochondrial fusion factors Mfn1 and Mfn2 were markedly reduced, whereas other mitochondrial proteins, including OMM-associated Tom20, Tom22, BclxL, and mitochondrial matrix-localized Clpp, were not affected ( Figure 4, A and B) . Accumulation of the short form of mitochondrial fusion factor Opa1 (sOpa1) was also evident in Drp1 −/− and to lesser degree Mff −/− cells ( Figure 4A ). Drp1 knockout did not affect levels of Mff and vice versa ( Figure 4A ). Confirming a specific role for Drp1 and Mff in the control of the aforementioned proteins, knockouts of MiD49 and Opa1 did not affect levels of the analyzed proteins (Figure 4, A and B) . Relative levels of the analyzed proteins in MARCH5 −/− cells are shown in Figure 4C . Using quantitative real-time PCR (qRT-PCR), we tested the degree to which depletion of Drp1 and Mff affected the transcription of respective mRNAs ( Figure 4D ). There were no significant reductions in the mRNA levels of Mcl1, MiD49, or Mfn1, suggesting that the decreases in expression of these proteins in Drp1
−/− and Mff −/− cells can be attributed to a reduction in protein stability. Conversely, Mfn2 mRNA levels were found to be lower in Drp1 −/− and Mff −/− cells, indicating that the altered expression of Mfn2 in these cells may be due to dysregulated transcription ( Figure 4D ). Thus depletion of Drp1 and Mff might affect the stability of Mcl1, MiD49, and Mfn1 proteins, but Mfn2 levels could also be regulated at the transcriptional level.
We also analyzed mitochondrial morphology in knockout cells (Figure 4 , E-K). The data showed the expected mitochondrial elongation and interconnection in Drp1 
/Opa1
−/− cells regardless of whether Drp1 was knocked out in Opa1 −/− or vice versa (unpublished data), it appears that in HCT116 cells, inhibition of Drp1-dependent mitochondrial fission is epistatic to inhibition of Opa1-dependent mitochondrial fusion. These data verify the mitochondrial phenotypes of respective knockout cells. They also support the possibility that it is not mitochondrial morphology per se but rather the activities of Drp1 and Mff that control MiD49, Mcl1, and Mfn1 protein levels.
MARCH5-dependent and -independent control of mitochondrial dynamics factors
To determine the role of MARCH5 in Mff/Drp1-dependent control on expression levels of mitochondrial fission and fusion factors, we generated Mff 
/MARCH5
−/− cells transfected with MYC-MID49 (H, I) were subjected to MYC immunoprecipitation under denaturing conditions. Samples were analyzed by Western blot for MYC tag to detect MYC-MiD49 (H) and Ub (H, I) as indicated. (J, K) Total cell lysate (TCL) and mitochondria-enriched heavy membrane fractions (HM) obtained from cell types indicated were analyzed for ubiquitination levels. Tom20 was used as a loading control. subjected to subcellular fractionation, followed by Western blot analyses for the levels of Ub in total cell lysates (TCLs; Figure 6J ) and mitochondria-enriched heavy membrane (HM) fractions ( Figure 6K ). No apparent differences in the levels of ubiquitination were detected in TCL ( Figure 6J ) or HM ( Figure 6K ) from Drp1 −/− or Mff −/− cells compared with wild-type cells, suggesting that Drp1 and Mff control the ubiquitination of a limited number of mitochondrial proteins. Confirming these results, immunofluorescence for anti-conjugated Ub (FK2) antibody followed by structured illumination microscopy, an approach that permitted us to detect mitochondrial ubiquitination upon induction of Parkin-dependent mitophagy , and Ub accumulation in MYC-MARCH5
Δtail
-expressing MARCH5
−/− cells ( Figure 3E ) also did not detect any changes in mitochondria-associated Ub (unpublished data). 
Mitochondrial morphology in Drp1
/MARCH5
−/− HCT116 cells (Figure 7 ). Cells were immunostained for mitochondrial marker cytochrome c (green on overlay images in Figure 7 , A-F) and peroxisomal protein Pex14 (red on overlay images in Figure 7 , A-F) as a control, followed by structured illumination imaging (Figure 7 , A-F) and mitochondrial morphology quantification ( Figure 7G ). Only elongated/interconnected mitochondria, identical to mitochondria observed in Drp1 −/− HCT116 cells, were detected in Drp1 The reported (Otera et al., 2010; Li et al., 2015) reduced mitochondrial association of Drp1 in Mff −/− cells was rescued in Mff
−/− cells ( Figure 7H ), suggesting that the fragmented mitochondrial morphology in Mff
−/− cells (Figure 7 , D and G) is a result of MiD49 accumulation-mediated increase in mitochondria-associated Drp1.
Furthermore, given the well-established role of Drp1 and Mff in control of peroxisome fission (Koch et al., 2003) , we also asked whether, as in the case of mitochondria, MARCH5, Mff, and Drp1 cooperate in control of peroxisome morphology. Consistent with earlier reports, only elongated peroxisomes were detected in Mff −/− (Figure 7 , C and G) and Drp1 −/− (Figure 7 , E and G) cells, whereas MARCH5
−/− (Figure 7 , B and G) and wild-type (Figure 7 , A and G) cells showed punctate peroxisome morphology. Only elongated peroxisomes were detected in Mff 
−/− (Figure 7 , F and G) cells. Thus, in contrast to mitochondria, MARCH5 depletion-induced stabilization of MiD49 does not appear to affect peroxisome division. Consistent with the fact that Mff is the only known Drp1 receptor on peroxisomes (Palmer et al., 2013) , these results further support the mitochondrial specificity of the MARCH5/Mff/Drp1 signaling axis.
DISCUSSION
The mechanisms by which mitochondrial fission rates are adjusted to cellular demands, as well as the potential functional specialization of integral OMM-associated components of the mitochondrial fission machinery, are not well understood. We recently reported that mitochondrial fragmentation detectable in MARCH5-depleted cells was not associated with changes in mitochondrial fusion rates or alterations in bioenergetic performance of these organelles but instead was caused by increased fission rates (Xu et al., 2016) . We concluded that MARCH5 is a negative regulator of Drp1-dependent mitochondrial fission via regulation of the stability of MiD49, the OMM-associated Drp1 receptor (Xu et al., 2016) . However, the exact mechanisms or conditions that regulate MARCH5 activity and its specific role in the overall process governing mitochondrial fission were not established.
As a continuation of these earlier studies, we focused on the functional and molecular cross-talk between MARCH5 and mitochondrial dynamics proteins. Yonashiro et al., 2006) , along with the molecular interactions between MARCH5 and Mff shown here and the fact that MARCH5 does not regulate stability of either Drp1 or Mff (Nakamura et al., 2006; Xu et al., 2016) , we propose that in addition to their canonical mitochondrial membrane-remodeling roles in mitochondrial fission, Drp1 and Mff also regulate other components of the mitochondrial fission machinery indirectly through a Ub/proteasome-dependent mechanism.
Supporting this possibility and suggesting that Drp1 and Mff could work as a molecular complex, not only in a well-established mechanoenzymatic manner, but also in the regulation of Ub-dependent MiD49 and Mcl1 protein stabilities, a BioID screen for proteins interacting with/or proximal to the cytosol-exposed C-terminal domain of MARCH5 identified Mff and Drp1 but not other mitochondrial dynamics proteins. Immunoprecipitation under native and "in-cell" DSP cross-linking revealed strong interactions between Mff and MARCH5. In addition, in cross-linked samples, we also detected accumulation of p97 and Npl4, proteins previously linked to retrotranslocation of ubiquitinated substrates from the OMM to the cytosol before their proteasomal degradation through a process known as OMM-associated degradation Xu et al., 2011) . Suggesting a role for the C-terminal domain of MARCH5 in the regulation of MARCH5 cross-talk with p97/Npl4 complex, these proteins were found to accumulate in Cterminal tail-truncated MARCH5 mutants to a much higher degree than with wild type and a RING domain mutant of MARCH5. Furthermore, ubiquitination levels detected in DSP-cross-linked immunoprecipitated samples were increased in samples obtained from MYC-MARCH5 Δtail -expressing cells and, to a lesser degree, MYC-MARCH5H43W/ Δtail -expressing cells, supporting the possibility that the E3 Ub activity of MARCH5 is not inhibited by C-terminal truncation. Thus our data suggest that the more likely function of this cytosol-exposed C-terminal domain is a role in the postubiquitination steps of MARCH5-dependent protein degradation, including p97/Npl4 recruitment and/or ubiquitinated protein retrotranslocation.
The physiological effects on mitochondrial morphology stemming from the interactions between MARCH5 and Mff and p97/ Npl4 can be seen in Figure 1 . Of interest, reexpression of MYC-MARCH5 H43W and MYC-MARCH5 Δtail into MARCH5 −/− cells results in elongation of mitochondria, whereas expression of MYC-MARCH5 H43W/Δtail has no effect on morphology, indicating that both the RING and C-tail domains are necessary for MARCH5 to maintain mitochondrial morphology. Because MYC-MARCH5 H43W -expressing cells display enhanced Mff:MARCH5 binding and Drp1 recruitment to mitochondria, it is possible that the RING domain is necessary for Mff activation. In cells expressing this mutant, Mff may be in an inactive state or conformation, and its activation may require the ubiquitination activity of MARCH5, perhaps through ubiquitination of other mitochondrial substrates. In regard to the C-tail domain, the enhanced levels of ubiquitination and interactions between MARCH5
Δtail and p97/Npl4 suggest that protein turnover at the OMM may be stalled or inactive. If this is the case, then it is possible that in cells expressing MYC-MARCH5 Δtail , turnover of other fission factors may be affected, resulting in altered mitochondria morphology. On the other hand, accumulation of p97/Npl4 could be induced by enhanced protein ubiquitination, either MARCH5 dependent or mediated by unknown E3 Ub ligase and/or deubiquitinase that interact with the MARCH5 complex. Indeed, our data show several UPS factors being biotinylated by MARCH5-BirA* and therefore proximal to the MARCH5 complex. These possibilities are being investigated in our laboratory.
Results presented here support the possibility that MARCH5 is required for converting Drp1-and Mff-initiated signals into the regulation of ubiquitination and stability of MiD49 and Mcl1, providing a mechanism to fine-tune mitochondrial fission rates. Indeed, illustrating the functional hierarchy by which Mff and MiD49 contribute to Drp1-mediated mitochondrial fission and also supporting our current model, abnormal accumulation of MiD49 in Mff is restricted primarily to nonapoptotic conditions. This is further supported by the fact that despite Mcl1 accumulation, MARCH5 −/− cells display increased sensitivity to stress-induced apoptosis (Xu et al., 2016) . Considering that Mcl1 has already been implicated in the control of mitochondrial fusion and fission, including mitochondrial recruitment of Drp1 (Perciavalle et al., 2012; Varadarajan et al., 2013; Morciano et al., 2016) , it is possible that MARCH5-and Mff/ Drp1-mediated control of Mcl1 is also specifically linked to Mcl1's role in mitochondrial membrane dynamics. It has been reported that pharmacological inhibition of Mcl1 led to mitochondrial fragmentation either upstream of or independent of apoptosis (Varadarajan et al., 2013) −/− cells, the depletion of MARCH5 in these cells could make Mcl1 inactive. It also has been shown that Mcl1 can be found in the protein complex with Drp1 (Morciano et al., 2016) , suggesting that it could directly control Drp1 activity. However, despite intense effort, we could not determine the mechanism by which Mcl1 contributes to mitochondrial fission or how this antiapoptotic protein contributes to MARCH5-mediated, Mff/Drp1-dependent control of this process.
The findings reported here also suggest that, in addition to their roles in mitochondrial fission, Mff and Drp1 could also be responsible for fine-tuning mitochondrial fusion rates, perhaps in a similar Ub/ proteasome-dependent mechanism. Previously the molecular machineries of mitochondrial fission and fusion were studied separately, and the mechanisms by which these processes are coordinated/balanced remain to be elucidated. The only exceptions known to us are recent reports from the Langer and Ishihara laboratories suggesting that mitochondrial fusion protein Opa1 can regulate mitochondrial fission (Anand et al., 2014) and a role for Drp1-dependent changes in mitochondria morphology in control of Mfns and Opa1 (Saita et al., 2016) . Consistent with that work, we found a reduction in the high-molecular weight long Opa1 isoform and accumulation of short Opa1 isoform in Drp1 −/− and to a lesser degree Mff −/− cells. Supporting the possibility that Ub-dependent control of the OMM-localized mitochondrial fusion factors Mfn1 and Mfn2 could be under regulatory control of Drp1 and Mff, we showed that expression and turnover rates of these proteins were altered in both Mff −/− and Drp1
−/− cells. The functional importance of these changes is also suggested by the fact that mitochondrial fusion rates were reduced in Mff −/− cells. However, consistent with work by Saita et al. (2016) , because similar changes in Opa1, Mfn1, and Mfn2 were detected in wildtype and MARCH5 −/− backgrounds, an E3 Ub ligase other than MARCH5 is likely to regulate these proteins. Our present studies focus on the identification and characterization of the molecular machinery controlling Mff/Drp1-dependent Mfn1 and Mfn2 turnover. Nevertheless, these data further indicate a highly specific role for MARCH5 in the control of Drp1-and Mff-dependent stability of MiD49 and Mff. A recent report revealed that the OMM-associated phospholipase mito-PLD inhibited Drp1-dependent mitochondrial fission (Adachi et al., 2016) . Of interest, mito-PLD has been also shown to stimulate Mfn-dependent mitochondrial fusion (Choi et al., 2006; Huang et al., 2011a) . Little is known about control of mito-PLD stability or whether this protein participates in the mechanism described by Saita et al. (2016) and confirmed here. However, one can speculate that mito-PLD could generate a membrane microenvironment preventing simultaneous activation of fusion and fission in a restricted mitochondrial area. This mechanism could coordinate these processes temporally and/or spatially and be a part of a larger signaling network controlling mitochondrial fusion and fission rates/fidelity.
MATERIALS AND METHODS
Cell culture and transfection HCT116 cells were cultured in McCoy's 5a (modified) medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1 mM sodium pyruvate, MEM nonessential amino acids (Gibco), 100 U/ml penicillin, and 100 mg/ml streptomycin in 5% CO 2 at 37°C. Cells were transfected with Lipofectamine2000 (Life Technologies) according to the manufacturer's instructions. The fine-tuned transfection conditions resulted in >50% of cells being transfected. Cells were used for analyses at 12-20 h after transfection.
Knockout cells
MARCH5
−/− HCT116 and MiD49 −/− HCT116 cells were obtained using homologous recombination and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 gene-editing methods, respectively, and were described previously (Xu et al., 2016) . To generate Mff
, and Opa1 −/− HCT116 cells, transcription activator-like effector nuclease (TALEN) technology was applied. The left and right Tale sequences were assembled as reported (Huang et al., 2011b) and cloned into pcDNA3.1/Zeo-Talen(+63) vector to make corresponding TALEN constructs, as previously described (Hasson et al., 2013 ). The TALEN constructs were then transfected into HCT116 cells with Lipofectamine LTX (Life Technologies), sorted by fluorescence-activated cell sorting, serially diluted into 96-well plates, and then screened with PCR and restriction enzyme digests. Knockouts of respective genes were confirmed by Western blot. For the detailed method, see Hasson et al. (2013) . Tale sequence, primer, and restriction digestion details are shown in Table 1 Montague et al., 2014) , and two pairs of guide RNA (gRNA) target sites with the highest scores were picked out. The first pair of gRNAs for Drp1 was 5′-GCTGCCT-CAAATCGTCGTAGTGG-3′ and 5′-GGGAGGGACCTGCTTCCCAG-AGG-3′ and for Mff was 5′-GGTGGTGTTTTCAGTGCCAGGGG-3′ and 5′-GTCATCTGACGTTCCTTCAATGG-3′. The second pair of gRNAs for Drp1 was 5′-GGGGTGGAAGCAGAAGAATGGGG-3′ and 5′-CGTTGTCAATTTGACACTTGTGG-3′ and for Mff was 5′-GCAGTGACACATCACTAGGAAGG-3′, and 5′-TGCAGCTTCAC-TAAGACGACAGG-3′. gRNA sequences were cloned by PCR with the primers Drp1 F1 5′-TTTCTTGGCTTTATATATCTTGTGG-AAAGGACGAAACACCGCTGCCTCAAATCGTCGTAG-3′, Drp1 R1 5′-GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACC-TACGACGATTTGAGGCAGC-3′, Drp1 F2 5′-TTTCTTGGCTTTA-TATATCTTGTGGAAAGGACGAAACACCGGGAGGGACCT-GCTTCCCAG-3′, Drp1 R2 5′-GACTAGCCTTATTTTAACTTGC-TATTTCTAGCTCTAAAACCTGGGAAGCAGGTCCCTCCC-3′, Drp1 F3 5′-TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC-GGGGTGGAAGCAGAAGAATG-3′, Drp1 R3 5′-GACTAGCCTTA-TTTTAACTTGCTATTTCTAGCTCTAAAACCATTCTTCTGC-TT CCACCCC-3′, Drp1 F4 5′-TTTCTTGGCTTTATATATCTTGTG-GAAAGGACGAAACACCGGTTGTCAATTTGACACTTG-3′, Drp1 R4 5′-GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACC-AAGTGTCAAATTGACAACC-3′. Mff F1 5′-TTTCTTGGCTTTATA-TATCTTGTGGAAAGGACGAAACACCGGTGGTGTTTTCAGTGC-CAG-3′, Mff R1 5′-GACTAGCCTTATTTTAACTTGCTATTTCTAGCT-CTAAAACCTGGCACTGAAAACACCACC-3′, Mff F2 5′-TTTCTTGG CTTTATATATCTTGTGGAAAGGACGAAACACCGTCATCTG-ACGTTCCTTCAA-3′, Mff R2 5′-GACTAGCCTTATTTTAACTTGC-TATTTCTAGCTCTAAAACTTGAAGGAACGTCAGATGAC-3′, Mff F3 5′-TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG-CAGTGACACATCACTAGGA-3′, Mff R3 5′-GACTAGCCTTATTTTA-A C T T G C TAT T T C TA G C T C TA A A A C T C C TA G T G AT G T G T-CACTGC-3′, Mff F4; 5′-TTTCTTGGCTTTATATATCTTGTGGAAA-GGACGAAACACCGGCAGCTTCACTAAGACGAC-3′, and Mff R4; 5′-GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGTC-GTCTTAGTGAAGCTGCC-3′. The PCR products were incorporated into AflII-linearized gRNA cloning vector (www.addgene.org/41824/) using Gibson assembly as described (Mali et al., 2013) . The resulting plasmids were verified by sequence analysis. Each pair of gRNA plasmids was cotransfected with Cas9 into MARCH5 −/− HCT116 cells. Knockout clones were identified with PCR and Western blot.
Expression constructs and mutagenesis
MYC-MARCH5 and MYC-MARCH5
H43W were described previously (Xu et al., 2016) . Two PCR amplifications were performed using 5′-CTGCAGGAATTCGATATGCCGGACCAAGCCCTACAG-3′ as the forward primer and 5′-ATCGATAAGCTTGATTTACTGTTT-GAAGTAAACTTTAAATG-3′ as the backward primer with MYC-MARCH5 and MYC-MARCH5 H43W as templates, respectively. The resultant products were cloned into EcoRV-linearized pCMV3Tag-7 mammalian expression vector (Agilent Technologies), us- 
Immunofluorescence
Immunofluorescence labeling was performed as previously described (Li et al., 2015; Xu et al., 2016) . Briefly, cells grown in two-well chamber slides (model 1, German borosilicate; Labtec) were fixed with prewarmed 37°C 4% paraformaldehyde in phosphate-buffered saline (PBS) solution for 20 min at room temperature and then permeabilized with 0.15% Triton X-100 in PBS for 20 min at room temperature. After blocking with 7.5% bovine serum albumin (BSA) in PBS for 45 min, samples were incubated with primary antibodies in 7.5% BSA in PBS for 90 min at room temperature, followed by three washes with 7.5% BSA in PBS and incubation with secondary antibodies diluted in blocking buffer 
Image acquisition and analysis
Images were acquired with either a Zeiss LSM 880 confocal microscope equipped with an Airyscan superresolution imaging module, using 63/1.40 Plan-Apochromat Oil DIC M27 objective lens (Zeiss MicroImaging) as described (Xu et al., 2016) , or a Zeiss AxioObserver Z1 fluorescence microscope equipped with a 100/1.45 aPlan-FLUAR objective lens (Zeiss MicroImaging, Thornwood, NJ), and an ApoTome unit (enabling high-resolution structured illumination image acquisition; Xu et al., 2011; Li et al., 2015) . Z-stacks covering the entire depth of cells with intervals of 0.025 μm were acquired followed by Airyscan image processing (set at 7) and analyses using ZEN image acquisition and processing software (Zeiss MicroImaging). Maximum intensity projections shown here were also obtained using ZEN software. Image cropping and global adjustments to brightness and contrast were performed using Adobe Photoshop CS6 software (Adobe Systems).
Western blot and immunoprecipitation
Cells were harvested, and total cell protein lysates and subcellular fractions were prepared as described (Li et al., 2015; Xu et al., 2016) . For total cell lysates, cells were collected by scrapping into ice-cold PBS, washed with ice-cold PBS, suspended in SDS-PAGE sample buffer, and incubated at 100°C for 10 min, followed by centrifugation at 20,000 × g for 5 min. Supernatants were used for further analysis. Proteins were separated on 4-20% gradient Tris-glycine polyacrylamide gels (Invitrogen), transferred onto polyvinylidene fluoride membranes (Immobilon-P; Millipore), and incubated with primary antibodies, followed by horseradish peroxidase (HRP)-conjugated anti-mouse (Roche) or anti-rabbit (Roche) secondary antibodies. Blots were detected with Super Signal West Pico ECL [Tanaka et al., 2010; Xu et al., 2016] ), anti-Mfn2 mAb (Abcam), anti-ubiquitin mAb (Santa Cruz Biotechnology), and antiClpp pAb (ProteinTech). Immunoprecipitation under denaturing conditions was performed as described (Xu et al., 2016) . Briefly, cells were collected and suspended in denaturing buffer (1% SDS, 5 mM EDTA, 10 mM β-mercaptoethanol). Samples were incubated at 100°C for 10 min, centrifuged to remove unsolubilized material, and diluted 10 times with ice-cold IP buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 5 mM N-ethylmaleimide, and protease inhibitors). Proteins were immunoprecipitated using anti-MYC mAb-conjugated agarose beads (Clontech Takara). Nondenaturing immunoprecipitation was performed as described, except that cells were lysed directly in ice-cold IP buffer and incubation in denaturing buffer was not included. For cross-linked immunoprecipitation, cells were washed with ice-cold PBS (containing Ca 2+ and Mg
2+
), followed by addition of membrane-permeable cross-linker DSP (2 mM) to the cell culture dishes. After incubation for 2 h at 4°C, cells were washed with ice-cold PBS and processed as described for nondenaturing immunoprecipitation. Intensities of specific proteins were analyzed and quantified using ImageJ software (National Institutes of Health, Bethesda, MD).
BioID proximity assay
MARCH5 wild-type and MARCH5
H43W coding sequences were cloned into MCS-BirA(R118G)-HA vector (Roux et al., 2012 (Roux et al., , 2013 ; a gift from Kyle Roux; Addgene plasmid 36047) by using NheI and BamHI restriction sites. The constructs MARCH5-BirA(R118G)-HA, MARCH5 H43W -BirA(R118G)-HA, and the BirA(R118G)-HA (as a control) were transfected into cells using Lipofectamine 2000 transfection reagent (Life Technologies). At the time of transfections, cells were treated with 50 mM biotin for 24 h and then lysed in IP buffer for 30 min at 4°C. Nonsolubilized material was removed by centrifugation. Samples were incubated with streptavidin magnetic beads (New England Biolabs) on a rotator at 4°C overnight. After incubation, samples were washed five times with IP buffer and then processed for and analyzed by mass spectrometry to identify eluted proteins.
Quantitative reverse transcriptase PCR
Total RNAs were isolated from cell samples by TRIzol (Invitrogen) in triplicate, and 1 μg of total RNA of each sample was reverse transcribed by Superscript III (Invitrogen) following the manufacturer's protocol. For qRT-PCR, 10 ng of cDNA was used per well in triplicates using LightCycler 480 Sybr Green I Master (Roche), following the manufacturer's protocol. Reactions were run on the LightCycler 480 system (Roche). Fold induction was calculated by the absolute quantification method. A standard curve was made for reference gene RPLP0 by serial dilutions of genomic DNA from 100 ng to 3.125 g. The following primers were used: DRP1, forward, 5′-AGGTTGC CCGTGACAAATGA-3′, and reverse, 5′-ATCAGCAAA-GTCGGGGTG TT-3′. MCL1, forward, 5′-AAGCCAATGGGCAG-GTCT-3′, and reverse: 5′-TGTCCAGTTTCCGAAGCAT-3′. MFF, forward, 5′-CACCACCTCGTGTACTTACGC-3′, and reverse, 5′-CC-GCTCTCTTTTTAGTCTGCC-3′. MFN1 forward, 5′-ATGACCTGGT-GTTAGTAGACAGT-3′, and reverse: 5′-AGACATCAGCATCTAG-GCAAAAC-3′. MFN2 forward, 5′-CACATGGAGCGTTGTACCAG-3′, and reverse, 5′-TTGAGCACCTCCTTAGCAGAC-3′. MID49, forward, 5′-GCAACCAATCCACCAACAGAAT-3′, and reverse, 5′-CCG-GAAAAGGCGTTAAGTCAC-3′. TOM20 forward, 5′-AGGTCTTAC-AGCAAA CTCTTCC-3′, and reverse, 5′-ATTCCACATCATCTTCAGC-CAA-3′. RPLP0, forward, 5′-CAGCAAGTGGGAAGGTGTAATCC-3′, and reverse, 5′-CCCATTCTATCATCAACGGGTACAA-3′.
Mitochondrial fusion assay
Cells were grown in two-well chamber slides (model 1, German borosilicate; Labtec) and imaged in Phenol Red-free DMEM supplemented with 10% heat-inactivated FBS, 2 mM GlutaMAX, 1 mM sodium pyruvate, MEM nonessential amino acids, 100 U/ml penicillin, 100 mg/ml streptomycin, and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, at room temperature. A Mito-PAGFP-based mitochondrial fusion assay was performed using a Zeiss LSM 510 META confocal microscope (Zeiss MicroImaging) equipped with Plan-Apochromat 100×/1.4D oil DIC M27 objective lens (Zeiss MicroImaging) as described (Xu et al., 2016) . Briefly, after acquisition of a preactivation image, an ∼5-μm-diameter circular region of interest (ROI) was photoactivated by brief irradiation with 351/364-nm light (Coherent Enterprise ion laser, 80.0 mW), followed by time-lapse imaging using 488-nm excitation light (488-nm argon ion laser, 25.0 mW, set at 0.3%). Nine postactivation images were collected, with the interval between images set to ∼2 min. To avoid z-section shift, focus was maintained using the Multi-time Macro and the autofocusing system (uses line scans to detect the reflection off the coverglass). Images were acquired using ZEN 2009 image acquisition software (Zeiss MicroImaging). To quantify the dynamics of mitochondrial fusion, the time-lapse images of each cell were analyzed using ImageJ. The 17 time-lapse images of each single-cell time-lapse experiment were thresholded and converted into binary images using the brightest pixels from the first image (preactivated) as an intensity threshold. Pixels in the consecutive 16 images (postactivation images) that exceeded this fluorescence intensity threshold were taken as containing activated mito-PAGFP signal and were assigned a value of 1; other pixels were taken as background and assigned a value of 0. The number of pixels with mito-PAGFP signal were summed as a measure of the cellular area with activated mito-PAGFP. The time-dependent mito-PAGFP-containing area obtained for each cell was normalized with respect to its maximal and minimal values. The results from multiple cells were aligned with respect to the time at which each cell reached the maximally activated area. The time-dependent results were averaged together.
